Step 3

Equation 27 gives

Soin = (4 Y2,/[sin [(45° + 0)/211)" = 3 m (10 ft)
From Figure 8, at X, =0, h, = ¥, - ¥,, = 3.6 m (11.9 ft),
and g, = 21.8°, Equation 28 gives

Smex = (4 h3/[sin [(g, + 8)/211)" = 12 m (40 ft)

Use trial drain spacings § = 4.6 m (15 ft), 9.2 m (30 ft),
and 13.7 m (45 ft).

Step 4. Phreatic Surface M

See columns 11 and 12 of Figure 8 for the solution for
S = 4.6 m (15 ft). Similar analyses were made for S =
9.2 m (30 ft) and S = 13.7 m (45 ft). The resulting
phreatic surfaces are plotted in Figure 3.

CONCLUSIONS

1. A method of estimating phreatic surfaces at the
midway profile between parallel drains is introduced.
Because of the large number of assumptions made in the
derivation of practical mathematical analyses, the results
must be considered approximate only.

2. The analysis procedure can be based on flow-net
analysis or on a completely mathematical analysis. Using
the mathematical analysis has the advantage in that it can
be computerized by using the procedure from Figure 8
for an infinite-slope seepage source.

3. For a typical problem, the analysis procedure
resulted in a range of drain spacings from 4.6 to 13.7 m
(15-45 ft), which coincides well with the range commonly
used in practice.

4. TFurther study is needed to define the optimum
cross-sectional spacing to use in the analysis of a given
drain spacing S. The analysis is sensitive to the cross-
sectional spacing used. Using a wider spacing (AX in

Figure 8) between cross sections results in a greater

predicted drawdown.

An optimum cross-sectional

spacing (AX) as a function of drain spacing (S) is ex-
pected and needs to be verified by model study and ex-
perience.
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Evaluation of Pavement Systems for
Moisture-Accelerated Distress

S. H. Carpenter, M. I. Darter, and B. J. Dempsey, Department of Civil

Engineering, University of Illinois, Urbana

The occurrence of moisture-accelerated distress (MAD) caused by poor
internal drainage in a pavement is predictable after examining components
of the pavement and its environment. MAD is defined as any distress
primarily caused or accelerated by moisture. A fast, inexpensive method
for identifying existing and potential MAD has been developed and pro-
vides a valuable tool to the maintenance engineer managing a system of
pavements and the design engineer evaluating a single pavement for pos-
sible rehabilitation. In the procedure for evaluating MAD the following
are done: Extrinsic and intrinsic factors are predicted, the condition of the
pavement surface is surveyed, and the pavement is tested. Each of these is
considered a level of refinement in determining the occurrence of MAD

in the pavement system and represents increased cost. The extrinsic fac-
tors in level one are concerned with climatic influences on the moisture
state of the pavement. The intrinsic factors are examined for likelihood
of internal drainage problems caused by the materials and cross section
being used. This provides an index of potential MAD problems. In

the condition survey any existing distress on the pavement surface is

the final evaluation stage, one has sufficient working knowledge to
make an accurate judgment as to the existence of or the potential for
occurrence of MAD. One or more alternative maintenance and reha-
bilitation strategies can be selected, based on the evaluation results,
to reduce or prevent MAD. The final selection of the alternative is
based on the present condition of the pavement, traffic level,
economics, and future requirements.

The data presented in this paper are part of an evalua-
tion manual developed for field use by pavement engi-

neers.

The manual provides complete descriptions of

how to identify pavements with poor internal drainage
that potentially could deteriorate prematurely. Four
distinct components have been examined that show a

directly measured. The final step is to conduct physical tests of the
pavement, if it is felt that inadequate information has so far been ob-
tained. This testing may be either destructive or nondestructive. By

relationship to moisture-accelerated distress (MAD):
extrinsic factors, intrinsic factors, condition survey,
and testing.



Figure 1. Summer thermal
gradations as calculated by
Thornthwaite.
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Figure 2. Distribution of Thornthwaite moisture index.
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Extrinsic factors, those that influence the moisture
conditionin the pavement, primarily are climatic factors.
The intrinsic factors represent the internal properties of
the pavement that influence the moisture condition, in-
cluding pavement type and material. The condition
survey directly measures any existing distress on the
pavement surface, which allows the condition and exist-
ing MAD to be determined. The testing may be either
destructive or nondestructive and is used when the re-
sults from the first three are inconclusive concerning
moisture presence.

These factors follow a logical sequence in determin-
ing, with a minimum of work, the potential that MAD
has of occurring in a pavement or the possibility that
MAD is responsible for the damage existing in the pave-
ment. They represent a means of estimating the degree
of MAD and can indicate what maintenance should or
should not be done.

DEVELOPMENT

Extrinsic Factors

Extrinsic factors are the external factors that influence

the moisture and its behavior. Climate is the major
extrinsic factor that alters the moisture in a pavement
system and causes the moisture to behave poorly. Tem-
perature of and moisture in the soil are the two major
climatic variables. The Federal Highway Administration
currently recognizes four climatic zones (1). The north-
south dividing line represents the mean freezing index
value of 100, the east-west dividing line the point where
yearly annual rainfall equals the yearly annual evapora-
tion. As far as they go, these delineations do dif-
ferentiate areas of different pavement performance.

But they do not provide a means of differentiating within
each zone on a rational basis.

To accurately identify the influence of climate
on a pavement, it is necessary to have an accurate, if
only relative, description of that climate. The major
climatic classification schemes include the Koeppens
(2) and the Thornthwaite classification schemes (3).

The Thornthwaite procedure is the only one that
allows calculation of gradations in the numerical values.
The same values that indicate relative moisture trans-
port can also be used to indicate the relative severity
of the winter. The Thornthwaite classification scheme
uses the concept of potential evapotranspiration, or the
amount of moisture that would leave the soil through
evaporation and transpiration if there were an unlimited
supply of water to the soil system. Obviously the more
energy (heat) that reaches the earth's surface, the more
water thatwill be removed. This isthe indicator ofwinter
severity: a comparison of the amount of potential
evapotranspiration that accumulates in the three sum-
mer months with that of the total for the year. The
greater the percentage the more severe the winter.
Potential evapotranspiration does not occur when the
temperature drops below 32°F (0°C).

Although there are doubts about the accuracy of the
proposed calculation procedure used to estimate poten-
tial evapotranspiration (2), the scheme, which uses
these numbers to delineate climate, is sound and has
been found easier to apply than the more complicated
energy-balance techniques. By comparing monthly
rainfall with the monthly values of potential evapotran-
spiration, one may obtain indications of surplus or
deficit moisture in the soil. The yearly balance is the



Figure 3. Climatic zones
derived from Thornthwaite
calculations based on
material behavior.

, Wet Freeze
, Wet Freeze-Thaw

, Wet No Freeze Activity

, Seasonally Wet Freeze

, Seasonally Wet Freeze-Thaw

, Seasonally Wet No Freeze Activity
111-A, Dry Freeze

ITI-B, Dry Freeze-Thaw

III-C, Dry No Freeze Activity

moisture index of wetness and dryness in the soil.

The distribution of the summerthermal concentrations

is shown in Figure 1 (3). The Thornthwaite moisture
index is shown in Figure 2. These quantities allow for
a continuous gradation between different climatic zones,
which is far preferable to setting upper and lower
bounds with no allowance for variation between them.

The climatic zones shown in Figure 3 were obtained
from correlations with moisture and deformation studies
and temperature influences. Each zone indicates an
area where similar pavements will generally receive
similar climatic inputs and thus perform similarly in
terms of pavement structure (intrinsic factors). The
following Roman numerals indicate the moisture regions
and corresponding connotations: I—subgrade saturated
all year and all soils generally illustrating poor per-
formance characteristics unless stabilized; II—definite
seasonal wet and dry periods shown in subgrade and
performance varying greatly with the season and locale;
III—subgrade generally very dry with little or no moist
period and good performance exhibited by nearly all
soils commonly used. The capital letters refer to the
temperature regimes and corresponding connotations:
A—severe winters, extremely low temperatures with
high potential for frost damage in the subgrade; B—
moderate winters with high potential for freeze-thaw
activity throughout the winter extending deep into the
base course; C—mild winters with some freeze-thaw
cycling in surface course in north to high temperature
stability problems in summer over entire region.

The map in Figure 3 illustrates areas of equal
potential for moisture in the pavement system, regard-
less of the intrinsic factors. Obviously, if there isa
high water table, performance will worsen. This is one
of the items considered in the intrinsic analysis in the
next section. The first step for the engineer is to de-
termine which climatic zone he or she is in. The map
given in Figure 3 should suffice for most locations, but
the manuals provide procedures for numerical calcula-
tions when the engineer feels something other than a
long-term average is needed to indicate the existing
climatic conditions.

Intrinsic Factors

Intrinsic factors are those existing in the pavement
or those built into it. With a given set of extrinsic fac-
tors, as previously discussed, the intrinsic factors will
determine how water will behave and what the potential
for MAD will be. The important intrinsic factors are

Pavement type,

Base and subbase drainability,
Subgrade drainability, and
Existing drainage.
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Pavement type determines whether the base course
will be exposed to a large or a small amount of water
infiltrating through joints and cracks. The degree of
infiltration, however, is dictated by the condition of the
pavement and even more by the drainage capability of
the base or subbase material. These will cause initial
rapid removal of water entering by surface infiltration.
If these materials build up high saturation values over
a long period, permanent deformations may become
excessive and pumping will develop at an accelerated
rate.

The ability of a granular material to absorb or
release water is a function of grain size, permeability,
density, and other properties. The complexity of
moisture flow, particularly unsaturated flow, has been
demonstrated by Dempsey and Elzeftawy (4) in their
mathematical model for moisture flow in pavements.
This model is far too complicated to use for the initial
study of potential moisture problems but is ideally
suited for drainage analysis on a more refined level.

The ability of a pavement to absorb or drain water
is the limiting factor for moisture entering through
surface cracking. The ability of a crack to pass mois-
ture is far greater than that of all but the most open-
graded bases with little or no fines content (5).

The U.S. Army Corps of Engineers has used a
procedure to estimate the time it takes to drain a
saturated base-course drainage layer to a given per-
centage of the total amount that can possibly drain by
gravity (g ). This procedure requires that 50 percent
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Figure 4. Drainability curves for granular
base material.
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of the amount of water that can be removed must be
removed within 10 days (7). This criterion was de-
veloped for airfield pavements where loading is not as
frequent as it is for highways. For proper drainage in
a highway application the time limit should be reduced
appreciably. Another factor that must be considered is
that draining half thewater in a specified time does not
take into account the actual moisture state of the material.
A concrete sand may lose only 3 percent (by volume) of
its water under gravity drainage, while a pea gravel may
lose 40 percent. Af the end of the specified time the
sand will have a much higher saturation level and will
exhibit decreased performance compared to the pea
gravel. The reader is referred to the manuals for the
actual calculation process (8, 9).

The critical saturation level has been established as
85 percent. This is a point where repeated loading
damage increases drastically for granular materials
(10). The desired time to reach this saturation has been
determined as between 5 and 10 h. Figure 4 illustrates
the criteria developed for granular material (8). These
curves can be developed from -

Roadway geometry,
Permeability estimate,
Effective porosity estimate, and
Gradation and percent fines.

WD =

A material classified as unacceptable will not flow
water readily and in a wet climate will not have enough
time to drain before another rainfall. This material
would tend to remain above the critical saturation level.
A marginal material will have slightly less fines and
tend to remain nearer the critical saturation level.

The subgrade material also will experience moisture
problems. The degree of severity will vary depending
on texture, topography, and water-table depth. These
factors are important in the agricultural classification
of soils because they directly influence the drainage
characteristics of the soil. Hole (11) used this classifi-
cation for soils and applied a numerical value for each
classification, which he termed the natural drainage
index (NDI). It varies from -10 for an "excessively
drained" i (good) soil to +10 for a "very poorly drained"
k (poor) soil. The drainage terminology is readily
available on most soil maps, and, although different
from engineering terminology, it does describe the
drainability of the subgrade material. This description
can be used to indicate the relative ability of a subgrade
to hold water.

Frequent changes in soil make the application of this
indicator a very approximate procedure. In studies on
concrete roads, Haas (E) showed very good relation-
ships among the NDI, deterioration, and maintenance
required. This indicator can, then, indicate where
moisture is most likely to cause problems in a pave-
ment, although the extent of the problems caused by
the soil variation cannot be determined. NDI can be
used to indicate arcas where drains may be effective,

according to soil conditions.

A subgrade was assumed to be impermeable when the
drainability time for the granular layers was developed.
If the subgrade is good it will aid the granular layer by
providing vertical drainage to the water tuble, and
marginal drainability will be altered to an acceptable
level. If the subgrade is poor it cannot assist indraining
the granular layer, and its performance will be low as
indicated by Haas (12) and will produce accelerated
distress. An intermediate subgrade will not aid the
granular layer, nor will it have excessively poor per-
formance.

Surface Condition

The extrinsic and intrinsic analysis will indicate the
extent to which moisture problems may develop, but

the surface condition points to the extent to which
moisture has actually damaged the pavement. The type,
amount, and severity of distress present are necessary
to accurately describe the overall condition of the pave-
ment. The presence of particular distress types, or
their absence, can indicate the presence or absence of
MAD.

The distress that is present can be examined with the
classification indicated from the extrinsic and intrinsic
analyses, The following situations could arise for a
given pavement.

1. If only minor distress exists, the rate of deterio-
ration will depend on the level of moisture predicted by
the extrinsic and intrinsic evaluation. The higher the
rating, the faster the deterioration and the sooner
maintenance or rehabilitation needed.

2, If significant distress exists, this may or may not
indicate moisture damage, depending on what distress
is present. Moisture-related distress indicates
maintenance or rehabilitation is needed (a) immediately
if in a wet area, (b) soon if in a seasonally wet area, or
(c) in the future if in a dry area.

Distress must be defined by type, severity, and
quantity. Extensive research work has been recently
accomplished in the development of distress-
identification manuals for streets, airfields, and high-
ways (9, 14,16). This development required extensive
field surveys in many parts of the United States and dis-
cussions with many engineers working in pavement
evaluation, maintenance, and rehabilitation. Numerous
training sessions have been held with field maintenance
personnel to ensure that the definitions are practical
and easy to use.

A composite pavement distress index, developed by
Shahin and others (13, 16), combines the types, severi-
ties, and quantities of distress into a single value for
any given pavement section. This was accomplished
by defining a pavement condition index (PCI) as follows:

Pomy

PCI=100-3 Zia(Ti, s;, Dy) E(t, @ M

i=1 j=1

where

a( ) = deduct value depending on distress type T,,
level of severity S;, and density (or quantity)
of distress Dy;;
counter for distress types;
counter for severity levels;
total number of distress types for pavement
type under consideration;
number of severity levels for the ith type of
distress; and

e
o

I
I
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Figure 5. Steps to calculate the pavement condition index Step 1. Inspect Pavement
for a street. Determine Distress Types and Severity
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F(t,q) = an adjustment function for multiple dis-
tresses that vary with total summed deduct
value (t) and number of deducts (q).

Deduct-value curves for each distress type and severity
level were determined based upon the composite judg-

ment of a large group of experienced pavement engineers.

Thus, the calculated PCI of a given pavement section
represents the overall engineering judgment of a large
group of experienced engineers as to the pavement's
structural integrity (protection of the investment,
maintenance needs) and surface operational condition
(user-related consideration). The steps necessary to
determine the PCI for a given street are summarized in
Figure 5. The procedure is very simple and straight-
forward, has been officially adopted by the U.S. Air
Force, and is under trial implementation by other
agencies.

The PCI rating deduct values can be used to indicate

the distress condition that is related to moisture damage.

A MAD index can be defined as the percentage of deduct
values caused or accelerated primarily by moisture.
The severity of this index will indicate how far developed
moisture damage is and the rate at which further de-
terioration may be expected to develop. Combined with
the extrinsic and intrinsic analysis, both the PCI and

the MAD index can indicate the efficacy of installing
drainage, performing maintenance, or reconstructing

at the present time or in the immediate future (8).

Testing

A testing program is the final step in the analysis
procedure and should be considered only when the pre-
vious three factors produce anomalous results. When
moisture damage is predicted from extrinsic and in-
trinsic analyses but the condition index does not show
any moisture damage, the properties of the pavement
system must be investigated. The same must be done
if there is extensive moisture damage, but the intrinsic
and extrinsic factors indicate that no moisture problems
should exist. Samples may have to be taken to the
laboratory for testing, or the testing may be done in
situ.

The major variables influencing the intrinsic analysis
will be the moisture-related properties of the base,
subbase, or subgrade. As such, the properties that
might need to be determined will include

Gradation,

Clay content (type of fines),
Permeability,

Moisture content,and
Deformation characteristics.

O W N =

These properties can be determined from laboratory
tests of disturbed and undisturbed samples. The
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permeability and deformation characteristics require
undisturbed samples for laboratory testing., This can
be quite expensive and impractical for the level of
analysis conducted in this study. The more suitable
approach would be to conduct an in situ permeability
test (15) and appropriate deflection measurements of
the pavement and shoulder. These tests, with grada-
tion, mineral data, and moisture content, would indi-
cate whether the intrinsic analysis based on original
properties was in error and by what amount.

Given the additional data provided by the testing,a
new intrinsic analysis will provide a new classification
that is a better indicator of the moisture-related condi-
tion of the pavement.

APPLICATION

The four areas of analyses briefly presented here have
been more fully explained in a series of manuals pre-
pared for the Federal Highway Administration as a part
of the subdrainage and shoulder rehabilitation project.
These manuals detail the data used in constructing each
procedure to obtain a true indication of the moisture in-
fluence on the pavement. The first two manuals
present the research background for moisture and dis-
tress, respectively, and the third, which contains the
procedures, is the manual to be used by the field and
maintenance engineers to evaluate their pavements.

The evaluation manual contains step-by-step proce-
dures that allow field personnel with a minimum of
training to complete a MAD analysis. The person per-
forming the extrinsic analysis may locate the pavement
on a series of climatic maps. If he or she chooses he
or she can use available climatic data from monthly
weather bulletins and can calculate the variables for
the desired number of years. The calculations for
years the pavement has been in service will provide an
indication of the actual moisture the pavement has been
exposed to. For longer time in service, the moisture
values will be closer to the long-term average values
used to construct the maps. This analysis provides a
climatic indicator that relates the severity of moisture
available to the pavement itself.

The intrinsic analysis requires knowledge of the type
of base or subbase material and the subgrade material.
The base course is analyzed to determine its potential
for retaining moisture. The subgrade is classified as
to its drainability, from soil maps where possible. The
combination of these two material classifications pro-
vides an indicator of the potential a pavement has to
hold water and thus to increase the potential for mois-
ture damage. When the extrinsic and intrinsic factors
are combined, an indicator or potential MAD is formed
where potentially available moisture is combined with
moisture-~-sensitive materials. Using general descrip-
tions of the expected behavior of the materials, the
evaluator will have a physical description of the material
in the pavement. This provides a clearer understanding
of the expected behavior.

The distress-condition survey produces two numerical
indices that are related to the overall condition (PCI)
and the extent of moisture-related damage that has
occurred in the pavement (MAD). The evaluator follows
a step-by-step procedure to examine the pavement sec-
tion under question and to determine the condition in-
dices. The evaluator then enters a table in which the
condition indices allow statements to be made con-
cerning the present and future condition of the pavement.

Using these tables, the evaluator can obtain physical
descriptions of his or her pavement section along with
explanations relating the current state of the pavement
to expected moisture damage in the future. Recom-

mendations can be made concerning maintenance,
rehabilitation, and use of subdrainage to alter the growth
of moisture-related distress. The maintenance recom-
mendations are coordinated with the results of a part of
the overall project that determines what warrants sub-
drainage. That portion of the study requires more in-
depth material property determination than is ncccagary
for development of the manual presented in this paper.
The general implications that are described in this
surficial analysis are backed up quite well by the more
detailed analysis.

SUMMARY

A manual has been prepared that allows an evaluator
who has minimum experience or training to analyze a
pavement section and determine whether the distress
present is moisture related and if so to what extent.
This field manual examines the potential for moisture -
accelerated damage from the following viewpoints:

1. Extrinsic, or external, climatic influences;

2. Intrinsic, or internal, material properties;

3. Condition index, or the extent of moisture-related
distress; and

4. Testing, or the use of tests to examine conflict-
ing results.

By following a step-by-step procedure the evaluator will
determine a number of moisture-related facts about the
particular pavement section under investigation. Among
these facts are

1. Origin of moisture problems caused by (a) climate
or (b)a particular material in the base or subgrade;

2. Extent of moisture problems;

3. Usefulness of subdrainage in retarding deteriora-
tion; and

4. Recommendations for maintenance and rehabilita-
tion.
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Influence of Precipitation, Joints, and
Sealing on Pavement Drainage

Barry J. Dempsey, Department of Civil Engineering, University of Illinois, Urbana
Quentin L. Robnett, School of Civil Engineering, Georgia Institute of Technology, Atlanta

A study was conducted to determine the influence of precipitation,
joints, and sealing on drainage of concrete pavements. Detailed drainage
studies were conducted on four pavement test sections. Two jointed
concrete pavement test sections were located on 1-85 near Atlanta, and
one continuously reinforced concrete pavement test section and one re-
inforced jointed concrete pavement test section were located on 1-57
near Champaign, lllinois. Subsurface drainage was installed on the Georgia
test pavements as part of the test preparation. Subsurface drainage on the
Illinois test pavements had been installed previously as part of a shoulder
rehabilitation program. All drainage outflows were measured by specially
designed flowmeters capable of continuously monitoring volumes. All
precipitation data were obtained on an hourly basis from weather stations
near the pavement test sites. Analysis of data indicated that pavement
drainage outflow was significantly related to precipitation. It was also
found that the edge joint was a major factor contributing to water infil-
tration into pavement systems. Edge-joint sealing was found to reduce
water infiltration in the jointed concrete pavement test sections in both
Georgia and lllinois. Edge-joint sealing on the continuously reinforced
section in lllinois did not significantly reduce surface infiltration. No
measurable drainage outflow was observed on the completely sealed
pavement test section in Georgia.

Water is a fundamental variable in most problems asso-
ciated with pavement construction, design, behavior, and
performance., Moisture usually has very significant
effects on pavement systems because the structural sec-
tion and subgrade are often susceptible to large variations
in moisture content and are strongly influenced by sur-
rounding climatic conditions.

The problem of water in pavements has long been of
concern to engineers. Cedergren and O'Brien (1) have
listed over 225 abstracts of pertinent literature on the
subject of subdrainage. Recently Dempsey and others

(2) completed a state-of-the-art review of the existing
literature on and current practices for subdrainage,
shoulder structures, and maintenance of pavement sys-
tems for the Federal Highway Administration.

Methods for controlling moisture in pavement sys-
tems can generally be classified in terms of protection
through the use of waterproofing membranes and anti-
capillary courses, the use of materials insensitive to
moisture changes, and water evacuation by means of sub-
drainage. Ridgeway (3), Ring (4), Woodstrom (5), and
Barksdale and Hicks (6) have all reported on the problem
of water infiltration through cracks and joints of con-
crete pavements and have indicated that the performance
life of many concrete pavements could be extended by im-
proved protection and drainage of the structural section.
Darter and Barenberg (7) have indicated that protection
of the structural pavement section and subgrade by ade-
quate sealing of joints and cracks can help prolong pave-
ment life.

Although water-related distress is obvious in pave-
ment systems, few studies have been conducted to de-
termine the pavement conditions that contribute to water
problems and the procedures that will best mitigate these
problems. Ridgeway (3) and Barksdale and Hicks (6)
have conducted controlled field tests to determine the
percentage of surface water infiltrating into pavement
systems. Ridgeway (3) measured infiltration rates for
both portland cement concrete and asphalt concrete pave-
ments in Connecticut. Barksdale and Hicks (6) conducted
tests at two Georgia Interstate locations that have plain
jointed portland cement concrete traffic lanes and asphalt
concrete shoulders. These studies have indicated that





